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PML nuclear bodies (NBs) are dynamic intranuclear structures harboring numerous transiently or perma-
nently localized proteins. PML, the NBs’ organizer, is directly induced by interferon, and its expression is
critical for antiviral host defense. We describe herein the molecular events following poliovirus infection that
lead to PML-dependent p53 activation and protection against virus infection. Poliovirus infection induces PML
phosphorylation through the extracellular signal-regulated kinase pathway, increases PML SUMOylation, and
induces its transfer from the nucleoplasm to the nuclear matrix. These events result in the recruitment of p53
to PML NBs, p53 phosphorylation on Ser15, and activation of p53 target genes leading to the induction of
apoptosis. Moreover, the knock-down of p53 by small interfering RNA results in higher poliovirus replication,
suggesting that p53 participates in antiviral defense. This effect, which requires the presence of PML, is
transient since poliovirus targets p53 by inducing its degradation in a proteasome- and MDM2-dependent
manner. Our results provide evidence of how poliovirus counteracts p53 antiviral activity by regulating PML
and NBs, thus leading to p53 degradation.

PML nuclear bodies (NBs) are dynamic intranuclear struc-
tures harboring numerous transiently or permanently localized
proteins (28). PML is directly induced by interferons (IFNs) (8,
40). Its expression is essential for IFN-induced cell death (44)
and is critical for antiviral host defense (33). Other proteins
induced by IFN, such as Sp100, PA28, and p53 or proteins that
regulate p53 activity are also found in these structures (13, 33).
PML is the NBs’ organizer (20, 26), since in acute promyelo-
cytic leukemia and in PML knockout �/� cells, PML NBs do
not exist, and proteins normally recruited to these structures
are no longer NB-associated and present a diffuse nuclear
localization outside the NBs.

The PML protein belongs to the RBCC (RING finger, B
boxes, and coiled-coil) domain (also termed TRIpartite motif
[TRIM]) which is expressed in at least seven different isoforms
(PML I to VII, according to nomenclature by Jensen et al.
[21]). All isoforms contain the N-terminal region comprising
the RBCC motif but differ in their C-terminal region. PML is
expressed in the diffuse nuclear fraction of the nucleoplasm
and in NBs. In PML-transfected (47) or IFN-treated (32) cells,
the majority of PML is found in the nucleoplasm. PML NB
formation requires, in addition to the presence of an RBCC
motif, a specific posttranslational PML modification, the cova-
lent linkage of the small ubiquitin-related modifier (SUMO) to
lysines 65, 160, and 490. PML SUMOylation (reviewed in ref-
erence 38) was initially thought to be responsible for targeting
PML toward NBs (26), as suggested by the observation that
trioxide arsenic (As2O3) treatment increased PML SUMOy-
lation and the size of NBs by recruiting PML from the nucle-
oplasm to the NBs (26, 47). Nuclear matrix-targeting of PML
was shown, however, to occur independently of SUMOylation

(23), even though this modification of PML is important for
formation of NBs and the recruitment of specific proteins to
these structures (20, 25). The functions of the different PML
isoforms remain unclear. We have shown that expression of the
PML III isoform confers resistance to vesicular stomatitis virus
(VSV), influenza virus, and human foamy virus (HFV) (9, 33,
34). PML deficiency also renders mice more susceptible to
lymphocytic choriomeningitis virus and VSV infections, fur-
ther attesting to the antiviral activity of PML in vivo (4). The
well-known disorganization of PML NBs by various viruses
(33, 34) may represent part of the general viral strategy to
counteract IFN action.

Poliovirus, the etiological agent of paralytic poliomyelitis,
belongs to the Picornaviridae family (46). This virion is com-
posed of a single-stranded RNA molecule of positive polarity
surrounded by an icosahedral capsid composed of four pro-
teins, VP1 to VP4. Poliovirus causes paralysis due to the de-
struction of motor neurons (3), a consequence of poliovirus
replication (10). During paralytic poliomyelitis, it has been
shown that poliovirus multiplication and central nervous sys-
tem injury are associated with apoptosis in the mouse model
(14). In vitro, poliovirus infection can induce apoptosis in dif-
ferent cell lines (5, 36). Recent reports indicate, first, that the
viral protease-polymerase precursor 3CD can enter the nu-
cleus of poliovirus-infected cells (39) and, second, that polio-
virus 3C induces cleavage of the p65-Rel1A subunit of NF-�B
(29) and p53 degradation (45).

p53 is important for the control of cell growth arrest, senes-
cence, and cell death (15). The p53 protein is tightly regulated.
Under normal conditions it is kept labile, but upon exposure to
stress, p53 transiently accumulates in an active form in the
nucleus. This nuclear traffic, necessary for p53 activation, is
mediated under certain circumstances by PML. p53 is re-
cruited to the PML NBs in response to Ras activation, UV
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light, ionizing radiation, or overexpression of PML IV only (6,
12, 13, 30, 31, 37).

A fascinating aspect of PML and p53 is that both are directly
induced by type I IFN (8, 32, 43), and viruses from different
families encode proteins which counteract their localization
and/or activity (11, 15, 33). In addition, p53 was recently shown
to be involved in antiviral defense (43). It remains to be de-
termined, however, whether PML and p53 cooperate during
viral infections and whether or not these interactions occur
within PML NBs.

We describe herein the dialogue between PML and p53
during poliovirus infection and discuss the implications for
the mechanisms underlying antiviral defense. We show that
poliovirus infection induces PML phosphorylation through a
mitogen-activated protein kinase (MAPK) pathway. Increased
PML phosphorylation was associated with increased PML
SUMOylation and p53 recruitment within the NBs, leading to
p53 activation and induction of p53 target genes. This later
effect, which requires the presence of PML, is transient as
poliovirus induced p53 degradation in an MDM2- and protea-
some-dependent manner. Taken together, our findings dem-
onstrate the cross talk between PML and p53 during poliovirus
infection and their cooperation in the antiviral defense.

MATERIALS AND METHODS

Cells and cell treatment. U2OS (derived from a human osteosarcoma)
and U373MG (human glioblastoma astrocytoma) cells were grown at 37°C in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum.
U373MG (transfected with the empty vector) cells or overexpressing PML III,
U373MG-PML III cells were kept in medium supplemented with 0.5 mg of G418
(Gibco) per ml. The proteasome inhibitors epoxomicin (Calibiochem) and
MG132 (carbobenzoxyl-leucinyl-leucinyl-leucinal-H), the caspase inhibitor, Z-
VAD-fmk [N-benzyloxycarbonyl-Val-Ala-Asp (O-Me) fluoromethyl ketone],
and MEK inhibitor UO126 (Cell Signaling Technology) were added to cells 1 h
before infection and maintained during infection. MG132 and UO126 were used
at a concentration of 10 �M, Z-VAD was used at a concentration of 100 �M, and
epoxomicin was used at a concentration of 1 �M.

Virus stock preparation. Poliovirus (Sabin strain type 1) was amplified on
HEp-2 cells, and viral titers were determined on these cells by measuring the
50% tissue culture infective dose (TCID50) (24). After virus adsorption for 30
min at 37°C at the multiplicities of infection (MOI) indicated in the figure
legends, cell monolayers were washed twice with phosphate-buffered saline
(PBS) containing 1 mM CaCl2 and 0.5 mM MgCl2 and incubated with Dulbecco’s
modified Eagle’s medium.

Antibodies. Rabbit (H-238) anti-PML, mouse (PGM3) anti-PML, rabbit anti-
SUMO-1 (FL-101), anti-p53 (DO1), and anti-MDM2 (N-20) antibodies were
obtained from Santa Cruz. Anti-Sp100 was from H. Will. Rabbit anti-20S anti-
bodies were from Affinity Research Products. Anti-ERK1/2 MAPK (where ERK
is extracellular signal-regulated kinase), anti-phospho-ERK1/2 MAPK (Thr202/
Tyr204), and anti-phospho-p53 (Ser15) antibodies were obtained from Cell Sig-
naling Technology.

Immunofluorescence and confocal microscopy. Treated cells were fixed in 4%
paraformaldehyde for 15 min at 4°C and permeabilized for 5 min with 0.1%
Triton X-100 in PBS. They were then prepared for double immunofluorescence
staining and analyzed by confocal microscopy. PML was detected with mouse or
rabbit anti-PML antibodies at a dilution of 1/400 and the corresponding anti-
immunoglobulin G (IgG) antibodies conjugated to Alexa 594. p53 was stained
using DO1 antibodies at a dilution of 1/100 and the corresponding anti-mouse
IgG antibody conjugated to Alexa 488 (Molecular Probe, Eugene, OR). Rabbit
anti-Sp100, anti-SUMO-1, or anti-20S and the corresponding anti-rabbit IgG
antibodies conjugated to Alexa 488 were used.

Nuclear matrix isolation. For in situ fractionation, cells grown on polylysine-
coated coverslips were washed three times with ice-cold PBS. After being
washed, the cells were sequentially extracted as previously described (17) with
slight modifications: in fractionation experiments, 0.5% Triton X-100 was added
in all digestion buffers instead of 1%. DNase treatment was done at room
temperature. Monolayers of extracted cells at different steps of the nuclear

matrix preparation were fixed as previously described and then processed for
indirect immunofluorescence microscopy.

Western blot analysis of total cell extracts and RIPA soluble and insoluble
fractions. For total cell extracts, cells were washed in PBS, lysed in hot Laemmli
sample buffer, and boiled for 10 min. The radioimmunoprecipitation assay
(RIPA) soluble fraction was obtained by lysing the equivalent of 106 cells in 50
�l of RIPA buffer (50 mM Tris, pH 7.5, 200 mM NaCl, 1% Triton X-100, 0.5%
deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1 mM EDTA) for 20 min on
ice, followed by centrifugation at 15,000 � g for 15 min to separate the RIPA
soluble fraction from the pellet. This RIPA insoluble fraction was suspended in
50 �l of PBS and boiled for 10 min in 50 �l of 2� Laemmli buffer sample.
Proteins were separated by 10% SDS-polyacrylamide gel electrophoresis
(PAGE), transferred to nitrocellulose membrane, blocked in 10% milk for 2 h,
and then incubated overnight at 4°C with the first antibody and for 1 h with the
appropriate peroxidase-coupled secondary antibodies (Amersham).

Apoptosis analysis. U2OS cells, transfected with unrelated, p53 small inter-
fering RNA (siRNA) or PML siRNA, were noninfected or infected with polio-
virus at an MOI 1 or 5 for 16 h or 30 h. Apoptotic cells were scored by terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)
assay with the APO-BrdU TUNEL assay kit (Molecular Probes, Eugene, OR).

Real-time quantitation mRNA. For Mdm2 and Noxa mRNA quantification,
cDNA synthesis was performed using oligo(dT) (Sigma, St. Louis, MO) and
avian myeloblastosis virus reverse transcriptase as described by the manufacturer
(Promega). Real-time quantitative PCR was performed using the FastStart DNA
Master SYBR Green I kit and the LightCycler apparatus according to the
protocol provided by the manufacturer (Roche Molecular Biochemicals India-
napolis, IN). PCR was carried out with the following oligonucleotide pairs:
5�-CGTGCCAAGCTTCTCTGTGA-3� and 5�-GTCCGATGATCCTGCTGAT-3�
for Mdm2; 5�-AGTAGCTGGAAGTCGAGTGT-3� and 5�-AGGTTCCTGAG
CAGAAGAGT-3� for Noxa; and 5�-AGCTCACTGGCATGGCCTTC-3� and
5�-ACGCCTGCTTCACCACCTTC-3� for glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). Results were normalized to GAPDH.

siRNA oligonucleotides. The oligonucleotides used in this study were pur-
chased from Genset Oligos (Proligo, Boulder, CO). RNA duplexes 19 nucleo-
tides long corresponding to PML, coding nucleotides 362 to 381 (common to all
isoforms), or to p53, coding nucleotides 734 to 753, or to MDM2, coding nucle-
otides 482 to 501, were transfected into cells using Lipofectamine according to
Invitrogen’s procedures. After 24 h or 48 h, cells were infected by poliovirus. All
the samples were analyzed 16 h later for apoptosis or viral replication, or cells
were harvested and analyzed by Western blotting by using anti-p53, anti-PML, or
anti-MDM2 antibodies.

RESULTS

Poliovirus infection induced the recruitment of PML from
the nucleoplasm to the nuclear matrix, leading to the increase
in PML NB size. We have previously shown that PML III
isoform expression in the glioblastoma cell line U373MG
confers resistance to VSV, influenza virus, and HFV (9) (34).
Furthermore, infection with herpes simplex virus type 1 alters
PML localization and expression (7). We tested the capacity of
the PML III isoform to confer poliovirus resistance and that of
poliovirus to alter PML localization and/or expression.
U373MG and U373MG-PML III cells were infected with po-
liovirus at MOIs of 5, 1, and 0.1. Viral titers were determined
at different times postinfection. Growth curves of poliovirus
were similar in U373MG and U373MG-PML III cells, and the
plateau was reached at 8 h postinfection. In addition, there
were no differences in poliovirus-induced cytopathic effects in
U373MG and U373MG-PML III cells (data not shown).
Taken together, these results demonstrated that overexpres-
sion of PML III did not confer poliovirus resistance at an MOI
of 5 (Fig. 1A), 1, or 0.1 (data not shown).

Immunofluorescence analysis performed from U373MG-
PML III cells noninfected or infected with poliovirus for 4 h
revealed that infection with poliovirus resulted in an increase
in PML NB size where PML and SUMO-1 colocalized (Fig.
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1B). Thus, infection with the poliovirus alters PML NB local-
ization.

In order to detect whether the expression of PML was also
affected, extracts from U373MG-PML III cells infected with

poliovirus during different periods were analyzed by Western
blotting (Fig. 1C). That an equal amount of total protein was
loaded is shown by the actin immunoblots. Two forms of PML
having apparent molecular weights in SDS-PAGE of 80 and 95

FIG. 1. (A) Overexpression of PML III isoform in U373MG cells did not confer resistance to poliovirus. U373MG expressing the empty vector
and U373MG-PML III cells were infected with poliovirus at an MOI of 5. After viral adsorption for 30 min at 37°C, cells and supernatants were
harvested at different times postinfection, and total virus yields were determined by TCID50 assay. Each point represents the mean of three
separate experiments. Error bars indicate the standard errors. (B) Confocal microscopy analysis of PML and SUMO-1 during poliovirus.
U373MG-PML III cells were noninfected or infected with poliovirus at an MOI of 5 for 4 h. Double immunofluorescence staining was performed
in noninfected and infected cells using monoclonal anti-PML antibodies visualized by Alexa 594 labeling and by rabbit anti-SUMO-1 antibodies
and Alexa 488 labeling. (C) Fate of PML in poliovirus-infected cells. Cell extracts were prepared from infected U373MG-PML III cells with
poliovirus at an MOI of 5 at different times. Twenty micrograms of protein extract of each sample was analyzed by Western blotting using anti-PML
antibodies. (D) PML was recruited from the nucleoplasm (R) to the nuclear matrix (P) after poliovirus infection. The RIPA soluble (R) and the
RIPA insoluble fractions (P), prepared from noninfected and infected cells at an MOI of 5 for 1 h, were analyzed by Western blotting by using
anti-PML or anti-SUMO-1 antibodies.
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were detected in U373MG-PML III cells. The higher, fainter,
molecular species are known to represent the conjugated
PML-SUMO forms (27, 47). Poliovirus infection increased
PML conjugation to SUMO, the 95-kDa PML form became
more abundant, and higher-molecular-weight forms were de-
tected 1 h after infection and increased with the time of infec-
tion (Fig. 1C).

To determine whether poliovirus infection induced PML
transfer from the nucleoplasm to the nuclear matrix, RIPA
soluble and insoluble fractions from cells overexpressing PML
III, noninfected or infected with poliovirus, were analyzed by
Western blotting with anti-PML and anti-SUMO-1 antibodies.
Poliovirus infection shifts PML toward the nuclear matrix
where PML-SUMO-1 conjugated forms were detected (Fig.
1D). These results show that poliovirus infection induced PML
conjugation to SUMO and the transfer of PML to the nuclear
matrix, leading to the increase of PML NB size.

Phosphorylation of PML upon poliovirus infection is asso-
ciated with enhanced PML SUMOylation. It is known that
PML SUMOylation induced by As2O3 is dependent on a prior
phosphorylation of PML (16). Therefore, we tested whether
poliovirus could activate the MAPK ERK1/2. Analysis of ex-
tracts from U373MG cells infected during different short
periods shows that phosphorylation of ERK1/2 was a transient
and an early event; it was detected 15 min postinfection and
reached a maximum level at between 30 and 45 min (Fig. 2A).
Moreover, poliovirus-induced ERK1/2 activation was abol-
ished in the presence of the pharmacologic MEK inhibitor
UO126 (Fig. 2A).

CD155, the poliovirus receptor, has been implicated in the
enhancement of serum- and platelet-derived growth factor-
induced cell proliferation by activating the Ras-Raf-MEK-
ERK signaling pathway (22). To confirm that poliovirus infec-
tion was involved in MAPK ERK1/2 activation, U373MG cells
were incubated with a monoclonal antibody against CD155 for
1 h before poliovirus infection. Western blotting (Fig. 2B) and
immunofluorescence analysis (data not shown) revealed that
CD155 antibodies abolished poliovirus-induced ERK1/2 activa-
tion, demonstrating that poliovirus infection activated ERK1/2
signaling.

Therefore, we analyzed whether poliovirus infection could
induce PML phosphorylation through the ERK pathway.
U373MG cells were infected with poliovirus for 30 min in the
absence or the presence of UO126. In noninfected cells, two
PML forms were detected, a major form representing the
nonphosphorylated PML and a minor form which disappeared
when the extracts were treated with alkaline phosphatase (Fig.
2C). Poliovirus infection resulted in a shift in PML mobility in
SDS-PAGE which could represent the phosphorylated form,
as this form was not detected when the same extracts were
treated with alkaline phosphatase or when cells were infected
in the presence of UO126 (Fig. 2C). These results show that
infection with poliovirus induced PML phosphorylation via
MAPK ERK in the early step of infection.

To test whether inhibition of PML phosphorylation could alter
its SUMOylation by poliovirus, U373MG-PML III cells were
treated with UO126 before being infected by poliovirus for 5 h.
Western blotting of cell extracts using anti-PML or anti-SUMO-1
antibodies demonstrated that the inhibitor of MAPK abrogated
poliovirus-induced PML SUMOylation (Fig. 2D).

Poliovirus infection induced the recruitment of Sp100 and
p53 to PML NBs and a decrease in p53 expression only. The
poliovirus-induced increase in PML NB size suggests the re-
cruitment of cellular proteins in these organelles. Therefore,

FIG. 2. (A) Poliovirus induced the MAPK ERK pathway. Cell ex-
tracts were prepared from U373MG cells infected for a short period in the
absence or the presence of ERK inhibitor (UO126) and were analyzed by
Western blotting using anti-ERK and anti-phospho ERK antibodies.
(B) Anti-CD155 antibodies (Ab CD155) blocked poliovirus-induced ERK
activation. U373MG cells were pretreated or not with anti-CD155 anti-
body for 1 h before infection with poliovirus at an MOI of 5 for 30 min.
Western blotting was performed using anti-phospho ERK1/2 and anti-
ERK1/2 antibodies. (C) Poliovirus induced PML phosphorylation. Cell
extracts were prepared from U373MG cells noninfected or infected with
poliovirus at an MOI of 5 for 30 min in the absence or the presence of
UO126. Cell extracts were treated or not with alkaline phosphatase for 30
min at 37°C. All samples were analyzed by Western blotting by using
anti-PML antibodies. (D) ERK inhibitor abolished poliovirus-induced
PML SUMOylation. Cell extracts, prepared from U373MG-PML III cells
noninfected or infected with poliovirus at an MOI of 5 for 1 h in the
absence or the presence of UO126, were analyzed by Western blotting
using anti-PML or anti-SUMO-1 antibodies.
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we tested the localization and the expression of other proteins
known to be conjugated to SUMO-1 and associated to PML
NBs, i.e., Sp100 and p53. Immunofluorescence (Fig. 3A) and
Western blot (Fig. 3B) assays were performed from U373MG-
PML III cells infected for 1 h and 4 h (Fig. 3A and data not
shown). In noninfected cells, Sp100 was detected in PML NBs.
After infection, Sp100 was further recruited and found to be
colocalizing with PML in the large NBs.

As previously reported (41), in noninfected cells, two Sp100
forms were detected by Western blotting (Fig. 3B). None of
these forms showed increased expression after poliovirus in-
fection. Sp100 staining and expression were similar 1 h or 4 h
postinfection (Fig. 3 and data not shown). These results show
that poliovirus infection induced the recruitment of Sp100 to
PML NBs without affecting its protein level.

In contrast, a clear difference was observed when these exper-
iments were performed for p53 expression (Fig. 4A). In nonin-
fected U373MG-PML III cells, p53 was found in the nucleus with
very little colocalization with PML within the NBs. One hour
postinfection, p53 was recruited to the NBs where it colocalized
with PML. Four hours postinfection, PML labeling on the NBs
was still strong, whereas that of p53 disappeared (Fig. 4A). A
kinetics study showed clearly that poliovirus infection led to a
decrease in the p53 level as early as 1 h and was no more detect-
able at 6 h postinfection (Fig. 4B).

The recruitment of p53 to PML NBs 1 h postinfection was
further demonstrated by Western blot analysis of the RIPA

soluble and insoluble fractions from noninfected and infected
cells (Fig. 4C). One hour postinfection, both PML and p53
were shifted toward the nuclear matrix (assessed by the RIPA
insoluble fraction) (Fig. 4C).

Taken together these data demonstrate that poliovirus in-
duced the recruitment of Sp100 and p53 to PML NBs and
diminished only the p53 protein level.

FIG. 3. Fate of Sp100 during poliovirus infection. U373MG-PML
III cells were noninfected or infected with poliovirus at an MOI of 5
for 4 h. (A) Confocal microscopy analysis of PML and Sp100 in po-
liovirus-infected cells. Double immunofluorescence staining was per-
formed using monoclonal anti-PML antibodies visualized by Alexa 594
labeling and by rabbit anti-Sp100 antibodies and Alexa 488 labeling.
(B) Twenty micrograms of protein extract was analyzed by Western
blotting using anti-Sp100 antibodies.

FIG. 4. (A) Confocal microscopy analysis of PML and p53 in po-
liovirus-infected cells. U373MG-PML III cells were noninfected or
infected with poliovirus at an MOI of 5. Double immunofluorescence
staining was performed at 1 h and 4 h later using rabbit anti-PML
antibodies visualized by Alexa 594 labeling and by monoclonal anti-p53
antibodies and Alexa 488 labeling. (B) p53 expression was decreased
during poliovirus infection. Twenty micrograms of protein extracts,
prepared from U373MG-PML III cells infected for different times with
poliovirus at an MOI of 5, was analyzed by Western blotting using
anti-p53 or anti-actin antibodies. (C) p53 was recruited from the nu-
cleoplasm (R) to the nuclear matrix (P) after poliovirus infection. The
RIPA soluble (R) and the RIPA insoluble fractions (P), prepared from
noninfected cells and cells infected for 1 h, were analyzed by Western
blotting by using anti-PML or anti-p53 antibodies.
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The proteasome inhibitors, MG132 or epoxomicin, abro-
gated poliovirus-induced p53 degradation. To test the impli-
cation of the proteasome or the caspase pathways in poliovi-
rus-induced p53 decrease, U373MG-PML III cells were
infected with poliovirus both in the absence and in the pres-

ence of MG132, epoxomicin, or Z-VAD. Addition of MG132
or epoxomicin, but not of Z-VAD, abrogated poliovirus-in-
duced p53 degradation in cells overexpressing PML III (Fig.
5A). Then, we analyzed whether the localization of the 20S
proteasome component was modified after poliovirus infection

FIG. 5. Poliovirus induced p53 degradation in a proteasome- and MDM2-dependent manner. (A) The proteasome inhibitors (MG132 and
epoxomicin) abrogated poliovirus-induced p53 degradation. Cell extracts were prepared from U373MG-PML III cells noninfected or infected
during 4 h with poliovirus at an MOI of 5 in the absence or the presence of MG132, epoxomicin, or Z-VAD-fmk. Twenty micrograms of protein
extract of each sample was analyzed by Western blotting using anti-p53 or anti-actin antibodies. (B) Confocal microscopy analysis of PML and 20S
in poliovirus-infected cells. U373MG-PML III cells were noninfected or infected with poliovirus at an MOI of 5 for 1 h. Double immunofluo-
rescence staining was performed using monoclonal anti-PML antibodies visualized by Alexa 594 and with rabbit anti-20S antibodies and Alexa 488
labeling. (C) Cells were treated as in described in panel B, and total cell extracts (upper panel) or RIPA soluble (R) and RIPA insoluble fractions
(P) (lower panel) were analyzed by Western blotting using anti-20S antibodies. (D) Confocal microscopy analysis of PML and MDM2 in
poliovirus-infected cells. U373MG-PML III cells were noninfected or infected with poliovirus at an MOI of 5 for 1 h. Double immunofluorescence
staining was performed using monoclonal anti-PML antibodies visualized by Alexa 594 and rabbit anti-MDM2 antibodies followed by Alexa 488
labeling. (E) Poliovirus-induced p53 degradation required MDM2. U373MG-PML III cells were transfected with unrelated siRNA or MDM2-
specific siRNA. One day later, cells were infected with poliovirus for 6 h at an MOI of 5, and cell extracts were analyzed by Western blotting using
anti-p53, anti-MDM2, or anti-actin antibodies.
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(Fig. 5B). In noninfected U373MG-PML III cells, the 20S
labeling was weak in the nucleus. Upon infection, the 20S
protein was more abundant in the nucleus and presented a
punctuate labeling colocalizing with PML NBs (Fig. 5B). Total
cell extracts (Fig. 5C, upper panel) as well as RIPA soluble and
insoluble fractions (Fig. 5C, lower panel) from noninfected
and infected cells demonstrated that poliovirus infection did
not increase the expression of 20S but induced its transfer to
the nuclear matrix (Fig. 5C).

Knock-down of MDM2 expression partially blocked p53
degradation induced by poliovirus infection. We investigated
whether MDM2 is implicated in poliovirus-induced p53 deg-
radation. Double immunofluorescence analysis for MDM2 and
PML revealed that at 1 h postinfection poliovirus induced the
recruitment of MDM2 within the PML NBs, where both pro-
teins colocalized (Fig. 5D). Then, we tested the effect of the
knock-down of MDM2 on the decrease of p53 expression in
poliovirus-infected cells. U373MG-PML III cells, transfected with
unrelated siRNA or MDM2-specific siRNA, were infected for

4 h, and cell extracts were analyzed by Western blotting for
MDM2 and p53 expression (Fig. 5E). Poliovirus infection in-
duced p53 degradation in the presence of unrelated siRNA. In
contrast, less degradation was observed when MDM2 expression
was down-regulated (Fig. 5E). Taken together these results show
that poliovirus infection induced p53 degradation in an MDM2-
and proteasome-dependent manner.

Expression of PML III accelerated poliovirus-induced p53
degradation. From experiments shown in Fig. 4B, it appeared
that in U373MG-PML III cells, the p53 protein level decreased
at 1 h postinfection and was not detectable 6 h postinfection.
To determine whether PML expression could accelerate po-
liovirus-induced p53 degradation, we analyzed the fate of p53
in U373MG cells infected for different times with poliovirus. In
infected U373MG cells, the decrease of p53 protein level was
only observed at 8 h postinfection (data not shown). In order
to confirm this result, we analyzed extracts from U373MG and
U373MG-PML III cells, noninfected or infected with poliovi-
rus for 4 h. The results presented in Fig. 6A show that the p53

FIG. 6. Poliovirus induced p53 degradation in a PML III-dependent manner. (A) Poliovirus-induced p53 degradation was accelerated by PML
III expression. Twenty micrograms of protein extracts, prepared from U373MG and U373MG-PML III cells infected for 4 h with poliovirus at an
MOI of 5, was analyzed by Western blotting using anti-p53 and anti-actin antibodies. (B) Knock-down of PML in U373MG-PML III cells delayed
poliovirus-induced p53 degradation. U373MG-PML III cells were transfected with PML siRNA. Two days later, cells were left noninfected or were
infected with poliovirus for 4 h at an MOI of 5. Cell extracts were analyzed by Western blotting with anti-PML, anti-p53, or anti-actin antibodies.
(C) Knock-down of PML in U373MG-PML III cells abolished poliovirus-induced p53 phosphorylation. U373MG-PML III cells were transfected
with PML siRNA. Two days later, cells were infected with poliovirus for 1 h at an MOI of 5. Cell extracts were analyzed by Western blotting with
anti-PML or anti-phospho Ser15 p53 antibodies. (D) Phosphorylated p53 (Ser15) was found colocalizing with PML within the NBs. Double
immunofluorescence staining using anti-PML and anti-p53Ser15 antibodies was performed from nuclear matrix isolated from cells infected with
poliovirus at an MOI of 5 for 1 h. Confocal microscopy analysis is shown.
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protein level was decreased in U373MG-PML III cells and not
in U373MG cells, suggesting that overexpression of PML III
accelerated poliovirus-induced p53 degradation. To confirm
this result, we used siRNA PML to down-regulate PML ex-
pression in U373MG-PML III cells (Fig. 6B). U373MG-PML
III cells transfected with siRNA PML were noninfected or
infected with poliovirus for 4 h, and cell extracts were analyzed
by Western blotting for PML and p53 expression. Down-reg-
ulation of PML expression was accompanied by an abrogation
of poliovirus-induced p53 degradation (Fig. 6B). Taken to-
gether these findings demonstrate that the expression of PML
III accelerated poliovirus-induced p53 degradation.

PML was necessary for poliovirus-induced p53 Ser15 phos-
phorylation. To test whether poliovirus induced p53 phosphor-
ylation and whether this involved PML, U373MG-PML III
cells transfected with unrelated or specific PML siRNA were
infected for 1 h and analyzed by Western blotting with anti-
phospho p53Ser15 and anti-PML antibodies (Fig. 6C). Polio-
virus infection induced Ser15 p53 phosphorylation, which was
not observed when PML expression was down-regulated by
siRNA, suggesting that this modification occurred in a PML-
dependent manner. Interestingly, when double immunofluo-
rescence staining using anti-PML and anti-p53 Ser15 anti-
bodies was performed on a nuclear matrix isolated from cells
infected under the same conditions, we could observe a colo-
calization in many dots between PML and phosphorylated p53
(Fig. 6D). Together, these results suggest that PML NBs could
be nuclear organelles in which p53 phosphorylation and deg-
radation take place after poliovirus infection.

Implication of p53 in poliovirus replication and poliovirus-
induced apoptosis. In U373MG cells, the endogenous p53 gene
is mutated at codon 273 (CGT-CAT; Arg-His). This mutation
does not lead to conformational change but completely abro-
gates specific DNA binding and transcriptional activity of the
p53 protein (35).

To test whether poliovirus-induced p53 phosphorylation
could increase p53 target genes and whether this is dependent
on PML expression, we used a cell line expressing a wild-type
p53, the osteosarcoma U2OS cells. Kinetics of virus replication
in U2OS cells infected with poliovirus at an MOI of 1 or 5
showed that the plateau was reached at 24 h postinfection (Fig.
7A and data not shown). We verified that poliovirus induced
p53 degradation in U2OS expressing wild-type p53. In these
cells p53 degradation was observed at 16 h postinfection, cor-
responding to the exponential phase of poliovirus replication
(Fig. 7B).

We then investigated whether poliovirus infection could in-
crease the transcriptional activity of p53. For this, we measured
the level of two p53 target genes (Mdm2 and Noxa) by quan-
titative reverse transcription-PCR in U2OS cells at 6 h postin-
fection (Fig. 7C). Also, we tested the contribution of PML in
the U2OS cells both by down-regulating its expression by
siRNA and by transfecting these cells with PML III-expressing
vector. Infection with poliovirus induced an increase in Mdm2
and Noxa levels. This increase was augmented by PML III
expression. In contrast, poliovirus did not alter Mdm2 and
Noxa expression when endogenous PML expression was down-
regulated by siRNA (Fig. 7C).

These findings highlight the importance of the cross talk
between PML and p53 during poliovirus infection, leading to

p53 recruitment within PML NBs, p53 phosphorylation, and
activation of p53 target genes.

Effect of p53 on poliovirus-induced apoptosis and viral rep-
lication. To determine the biological significance of the acti-
vation of gene expression by p53 during infection, we investi-
gated the role of p53 and PML in poliovirus-induced apoptosis
in cells expressing wild-type p53. U2OS cells, transfected with
unrelated siRNA, p53 siRNA, or PML siRNA were infected
with poliovirus at an MOI of 5 for 16 h or 30 h. By Western
blotting we checked the knock-down of endogenous p53 or
PML in U2OS cells by specific siRNA (Fig. 7D). We per-
formed a TUNEL assay to test apoptosis (Fig. 7E). Apoptosis
induced in U2OS cells 16 h postinfection at an MOI of either
1 or 5 was decreased when p53 or PML was down-regulated by
siRNA. This effect was transient and was not observed at 30 h
postinfection. This effect was expected since p53 was degraded
16 h postinfection (Fig. 7B).

We next investigated whether p53 or PML altered poliovirus
replication. Detailed kinetics of virus production with p53
siRNA in U2OS cells revealed that the highest differences in
viral replication were observed at 16 h postinfection (data not
shown). Consequently, we performed the experiments to de-
termine the effects of p53 siRNA or PML siRNA knock-down
on poliovirus replication at 16 h postinfection.

U2OS cells were transfected with unrelated siRNA, specific
p53 siRNA, or PML siRNA and were infected with poliovirus
at an MOI of 0.1 or 1. Virus yield was determined at 16 h
postinfection (Fig. 7F). Knock-down of p53 or PML resulted in
higher poliovirus replication, demonstrating the importance of
the cross talk between p53 and PML in antiviral defense during
poliovirus infection.

Taking into consideration that siRNA PML abolished both
poliovirus-induced p53 gene expression and poliovirus-induced
p53-dependent apoptosis, our results suggest that counterac-
tion of poliovirus replication by p53 was dependent on PML
expression.

DISCUSSION

We have presented results demonstrating that poliovirus
infection induced PML phosphorylation, which was associated
with increased PML SUMOylation, its transfer from the nu-
cleoplasm to the nuclear matrix, and the recruitment of p53,
20S, and MDM2 to the PML NBs. PML phosphorylation, the
first step of PML modification, occurred very rapidly within 30
min after poliovirus infection and was dependent on ERK
activation. PML SUMOylation did not occur following in-
fection when cells were treated with the MEK1/2 inhibitor
UO126, suggesting that poliovirus-induced PML phosphoryla-
tion preceded PML SUMOylation. How ERK-phosphorylated
PML leads to higher PML SUMOylation is unknown. It has
been reported that phosphorylation of PML by MAPKs plays
an important role in the control of PML-dependent apoptosis
in response to As2O3 (16). This modification may regulate
PML traffic from the nucleoplasm to the nuclear matrix where
PML SUMOylation is believed to occur (27, 47).

Multiple isoforms of PML (I to VII) have been identified
(21), most of which are found in the nucleus. The biological
significance of the different PML isoforms in mammalian cells
has not been well characterized. It has been reported that p53
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FIG. 7. (A) U2OS cells were infected with poliovirus at an MOI of 5. Cells and supernatants were harvested at different times postinfection,
and total virus yields were determined by a TCID50 assay. Each point represents the mean of three separate experiments. (B) Kinetics of p53
decrease in U2OS cells infected with poliovirus. Extracts from cells infected with poliovirus at an MOI of 5 for different periods were analyzed
by Western blotting for p53 expression. (C) Poliovirus infection induced p53 gene activation. U2OS transfected with unrelated siRNA, PML
siRNA, or PML III-expressing vector were noninfected or infected with poliovirus for 6 h at an MOI of 5. RNA was extracted in all samples, and
Mdm2 and Noxa expression were tested by the real-time PCR method. Results were normalized to GAPDH. The average and standard deviations
of three independent assays are shown; the statistical significance (P values) was calculated using a Student’s t test. (D) Knock-down of p53 or PML
in U2OS cells by specific siRNA is shown by Western blotting. (E) Poliovirus infection induced apoptosis in a p53- and PML-dependent manner.
U2OS cells were transfected with unrelated siRNA, p53 siRNA, or PML siRNA. After 24 h, cells were infected with poliovirus for 16 h or 30 h
at an MOI of 1 or 5. The percentages of apoptotic cells were scored by TUNEL assay; the average and standard deviations of three independent
experiments are shown. (F) Poliovirus replication was higher in the absence of p53 or PML. U2OS cells were transfected with unrelated siRNA,
p53 siRNA, or PML siRNA. After 24 h cells were infected with poliovirus at an MOI of 0.1 or 1. Cells and supernatants were harvested at 16 h
postinfection, and total virus yields were determined by TCID50 assay. Each point represents the mean of three separate experiments. Error bars
indicate the standard errors of the means. The statistical significance (P values) was calculated using a Student’s t test.
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interacts directly with the carboxy terminal end of PML IV
only (13). We found that in noninfected cells, only the PML IV
isoform strongly recruited p53, but in sharp contrast, all PML
isoforms tested (II, III, IV, and V) highly recruited p53 to NBs
in poliovirus-infected cells (data not shown).

We have shown previously that overexpression of PML III in
U373MG cells inhibits the replication of VSV, influenza virus,
and HFV (9, 34). The capacity of PML III to inhibit these
viruses was observed in U373MG cells, where an endogenous
p53 gene mutation abrogates specific DNA binding and tran-
scriptional activity of p53 (35), demonstrating that PML III
possesses p53-independent antiviral activities.

We demonstrate in this report that PML III expression did
not confer poliovirus resistance in p53-inactivated cells even
though poliovirus induced p53Ser15 phosphorylation in PML-
dependent manner.

Interestingly, in p53 wild-type cells, infection by poliovirus
induced, in a PML-dependent way, activation of p53 target
genes, Mdm2 and Noxa, leading to the induction of apoptosis
in poliovirus-infected cells and to the inhibition of viral repli-
cation. All of these effects were abolished when endogenous
PML expression was down-regulated by siRNA. In contrast,
these effects were augmented by PML III expression. In addi-
tion, knock-down of p53 by siRNA resulted in higher poliovi-
rus replication in U2OS cells.

In several aspects PML and p53 seem to be linked. Both are
directly induced by type I IFN (8, 32, 40, 43), and viruses from
different families encode proteins that alter PML and/or p53
through different means, i.e., localization, expression, stability,
or activity (11, 15, 33). The p53 protein is recruited within PML
NBs upon Ras activation or after exposure to UV light or
ionizing radiation (6, 12, 30, 31, 37). Overexpression of PML
IV equally recruits p53 and increases its transcriptional activity
(13). Finally, it was recently reported that p53, like PML (4, 9,
33, 34), is involved in the antiviral defense, as p53�/� mice
have a much higher death rate after VSV infection than do
wild-type mice (43). Furthermore, virus titers in the serum are
also much higher in p53-deficient mice than in normal mice
(43). Here, we demonstrate that p53 does not possess intrinsic
and independent antiviral properties. Indeed, poliovirus regu-
lates PML and NBs which, in turn, affects p53 activity.

PML and PML NBs are implicated in apoptosis (2, 19, 42)
and antiviral responses (33). This may explain why PML NBs
are preferential targets of viral infection. A central question is
whether, during viral infection, PML NBs themselves are sites
of specific activity that PML proteins do not exhibit elsewhere
in the nucleoplasm. Taken together, our results show the
mechanisms by which p53 and PML cooperate in elaborating a
cellular antiviral response.

Many viruses develop strategies to inhibit apoptosis in in-
fected cells (1, 46). Very recently, it has been reported that
hepatitis C virus core protein inhibits p53-target gene expres-
sion by targeting PML IV (18). We have demonstrated that
poliovirus counteracted this cellular defense by inducing p53
degradation on PML NBs in a proteasome- and MDM2-de-
pendent manner. The degradation of p53 was accelerated in
cells overexpressing PML III. In contrast, down-regulation by
siRNA of PML expression delayed poliovirus-induced p53
degradation. Understanding the cross talk between PML and
p53 during viral infection is crucial to elucidate how viruses

alter components of the apoptotic pathway, counteracting or
participating in the antiviral defense.

Our results demonstrate in poliovirus-infected cells the im-
portance of PML in recruiting p53 within the NBs, leading to
its phosphorylation on serine 15 and to the activation of its
target genes. Taken together, these findings show that PML
NBs could be nuclear organelles where p53 recruitment, phos-
phorylation, activation of target genes, and degradation take
place during poliovirus infection.

Collectively, our findings lead to the following conclusions
presented in the model illustrated in Fig. 8.(i) Poliovirus infection
induced ERK activation as early as 15 min postinfection, lead-
ing to PML phosphorylation, detected 30 min postinfection;
(ii) this phosphorylation was necessary for poliovirus-induced
PML SUMOylation, observed 1 h postinfection; (iii) poliovirus
shifted PML from the nucleoplasm to the nuclear matrix, lead-
ing to the recruitment of p53 to PML NBs; (iv) poliovirus
induced, in a PML-dependent manner, p53 phosphorylation
and p53 target genes, leading to apoptosis in infected cells and
inhibition of viral replication; (v) poliovirus counteracted p53
by inducing both the recruitment of 20S and MDM2 to PML
NBs and p53 degradation in an MDM2- and proteasome-
dependent manner.

Viruses need to multiply in the infected host and have
evolved different strategies to impair the cellular antiviral re-
sponse. Our results provide evidence of how poliovirus coun-
teracts p53 antiviral activity by regulating PML and NBs, thus
leading to p53 degradation.
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